Cyclic nucleotide-modulated ion channels play several essential physiological roles. They are involved in signal transduction in photoreceptors and olfactory sensory neurons as well as pacemaking activity in the heart and brain. Investigations of the molecular mechanism of their actions, including structural and electrophysiological characterization, are restricted by the availability of stable, purified protein obtained from accessible systems. Here, we establish that SthK, a cyclic nucleotidegated (CNG) channel from Spirochaeta thermophila, is an excellent model for investigating the gating of eukaryotic CNG channels at the molecular level. The channel has high sequence similarity with its eukaryotic counterparts and was previously reported to be activated by cyclic nucleotides in patch-clamp experiments with Xenopus laevis oocytes. We optimized protein expression and purification to obtain large quantities of pure, homogeneous, and active recombinant SthK protein from Escherichia coli. A negative-stain electron microscopy (EM) single-particle analysis indicated that this channel is a promising candidate for structural studies with cryo-EM. Using radioactivity and fluorescence flux assays, as well as singlechannel recordings in lipid bilayers, we show that the protein is partially activated by micromolar concentrations of cyclic adenosine monophosphate (cAMP) and that channel activity is increased by depolarization. Unlike previous studies, we find that cyclic guanosine monophosphate (cGMP) is also able to activate SthK, but with much lower efficiency than cAMP. The distinct sensitivities to different ligands resemble eukaryotic CNG and hyperpolarization-activated and cyclic nucleotidemodulated channels. Using a fluorescence binding assay, we show that cGMP and cAMP bind to SthK with similar apparent affinities, suggesting that the large difference in channel activation by cAMP or cGMP is caused by the efficacy with which each ligand promotes the conformational changes toward the open state. We conclude that the functional characteristics of SthK reported here will permit future studies to analyze ligand gating and discrimination in CNG channels.
Introduction
Cyclic nucleotide-modulated ion channels link the intracellular levels of second messengers, such as cAMP and cGMP, to cellular electrical responses. These channels include hyperpolarization-activated and cyclic nucleotide-modulated (HCN) and CNG channels, which are members of the S4 superfamily of voltage-dependent channels (Yellen, 2002; Yu and Catterall, 2003) . Structurally, these channels are tetramers ( Fig. 1 A) , and each subunit can be further divided into a transmembrane domain and a cytoplasmic cyclic nucleotide-binding domain (CNBD; Craven and Zagotta, 2006) . The transmembrane domain consists of six membrane-spanning helices (S1-S6) where S1-S4 form a voltage-sensor domain and S5-S6, the pore domain that is linked to the CNBD via a helical C-linker ( Fig. 1 A) . Depending on the channel, the CNBD binds cAMP and/or cGMP with nano-to micromolar affinities, which leads to conformational changes that gate these channels. Although structurally similar, CNG and HCN channels show considerable functional differences (Kaupp and Seifert, 2002; Robinson and Siegelbaum, 2003; Craven and Zagotta, 2006; James and Zagotta, 2018) . CNG channels require cyclic nucleotide binding to open the channel (Karpen et al., 1988; Kaupp et al., 1989) , whereas HCN channels are activated by membrane hyperpolarization, and their activity is only modulated by cyclic nucleotide binding (Ludwig et al., 1998; Craven and Zagotta, 2006) . The sea urchin HCN channel is a special case because it is both hyperpolarization dependent and cyclic nucleotide activated (Gauss et al., 1998) . CNG channels are nonselective cation channels, which can conduct monovalent and divalent cations to generate primary electric signals in photoreceptors and olfactory sensory neurons. In contrast, HCN channels are weakly selective for K + over Na + and are expressed mostly in the heart and brain, where they are important for pacemaking activity and autonomous rhythmicity (Biel et al., 2009) .
Structural information on the isolated CNBDs from prokaryotic and eukaryotic channels is available from x-ray crystallography and nuclear magnetic resonance spectroscopy (Zagotta et al., 2003; Flynn et al., 2007; Altieri et al., 2008; Xu et al., 2010; Lolicato et al., 2011; Kesters et al., 2015) . Full-length prokaryotic HCN/CNG channels have been studied by cryoelectron microscopy (cryo-EM; MloK1 and LliK channels; Chiu et al., 2007; Kowal et al., 2014 Kowal et al., , 2018 James et al., 2017) , and recently single-particle cryo-EM was used to solve the structures of human HCN1 (Lee and MacKinnon, 2017) , as well as TAX-4 (Li et al., 2017) , a CNG channel from Caenorhabditis elegans. However, MloK1 and LliK cannot be used for detailed functional studies because they do not show single-channel currents in planar lipid bilayers. The eukaryotic channels are difficult to express, purify, and reconstitute in the quantities necessary for structural and functional studies. Furthermore, HCN1 is only marginally modulated by cyclic nucleotides, and because it has very small single-channel conductance, it is not conducive to single-channel analysis (DiFrancesco, 1986; Accili et al., 2002; Lee and MacKinnon, 2017) . Because of limited functional data available (Komatsu et al., 1999; Paoletti et al., 1999; Li et al., 2017) , the newly solved TAX-4 structure only allows for coarse structure-function correlations. All these drawbacks highlight the need to establish a cost-efficient, biochemical, structural, and functional model system suitable for an array of biochemical and biophysical assays to elaborate the functional molecular mechanism of cyclic nucleotide-modulated channels.
Recently, several putative cyclic nucleotide-modulated, prokaryotic K + channels with high sequence similarities (24-32%) to their eukaryotic counterparts were identified (Brams et al., 2014) . They all share the same domain architecture: a voltage-sensor domain (S1-S4), a pore domain (S5-S6), and a cytosolic C-linker/CNBD domain ( Fig. 1 A and Fig. S1 ). One of those channels, SthK (from Spirochaeta thermophila), was previously reported to express in Escherichia coli, albeit in low quantities, as well as in Xenopus laevis oocytes (Brams et al., 2014) . Patchclamp experiments of SthK expressed in oocytes demonstrated cAMP-dependent activity, selectivity for K + over Na + , and inhibition by cGMP. In this work, we optimized the gene construct and the conditions for expression and purification, and we were able to obtain milligram quantities of pure, homogeneous, and active SthK channel protein from E. coli. The large quantities of purified protein available allowed us to perform multiple functional and structural assays that are quasi-inaccessible for eukaryotic channels, and we established the SthK channel as a bona fide model for its eukaryotic homologues because it shares features with both HCN and CNG channels. Furthermore, by combining binding and activity assays, we determined that cGMP is not an antagonist as previously reported (Brams et al., 2014) ; rather, it is an extremely poor, partial agonist for SthK, and its low efficiency compared with cAMP in activating the channel is not caused by low intrinsic binding affinity. The ability to determine the function and regulation of this channel with different assays under (Lee and MacKinnon, 2017 ; Protein Data Bank accession no. 5U6O) as a model to highlight the domain architecture of the homologous SthK channel. One subunit of the channel is shown with the S1-S4 in blue, S5-S6 in purple, the C-linker in yellow, the CNBD in green, and the remaining three subunits in gray. The figure was prepared using PyMol (http:// www .pymol .org). (B) Elution profile from size-exclusion chromatography (Superdex 200 10/300 GL) for SthK in the presence (solid line) and absence (dashed line) of cAMP; the inset shows an SDS-PAGE analysis of purified SthK (lane 1) and the results of cross-linking with 0.12% glutaraldehyde, confirming tetrameric assembly of SthK (lane 2). BenchMark Prestained Protein Ladder (Life Technologies) was used to estimate the molecular weight. (C) A representative negative-stain EM micrograph (bar, 141 nm) is shown to illustrate the quality of the final protein sample. A few representative particles used for 2-D classification are highlighted (small box) and enlarged in the inset (top, right; bar, 10 nm). (D) The resulting 2-D classes (box size, 248 Å) from negative-stain images are shown. defined conditions, the amenability of this channel to structural analyses, and the similarity between SthK and eukaryotic channels make this channel an excellent working model for understanding gating and dynamics of cyclic nucleotide-modulated channels in molecular detail.
Materials and methods

SthK expression and protein purification
The gene for SthK (UniProt accession no. G0GA88) was cloned into the vector pCGFP-BC (Kawate and Gouaux, 2006) between the restriction sites for HindIII and XhoI, which adds 19 residues from the multiple cloning sites to the N terminus of the channel. These residues do not affect the channel function but help with the expression and stability of the final, purified protein.
Small-scale expression and detergent screens were performed with fluorescence-detection size-exclusion chromatography (Kawate and Gouaux, 2006) , in which the supernatant from a crude extract was applied to a Superdex 200 Increase 5/150 column (GE Healthcare Life Sciences) in 20 mM HEP ES, 100 mM KCl, 200 µM cAMP, pH 7.4, and 2× critical micellar concentration of different detergents. After the initial screening, the GFP gene and four histidine residues from the octa-histidine tag were deleted from the vector by Quikchange (Agilent Technologies) mutagenesis, and protein expression was performed in E. coli C41 (DE3; Lucigen). Cells were grown in Luria-Bertani broth at 37°C to an OD 600nm of 0.4, transferred to 20°C, and further grown to an OD 600nm of 0.8, when protein expression was induced with 0.5 mM isopropyl β-d-1-thiogalactopyranoside for 12 h. The cells were harvested by centrifugation at 4,000 g for 10 min at 4°C. Subsequent steps were all performed at 4°C, except for the final size-exclusion chromatography, which was performed at room temperature. Cells from 4-liter cultures were resuspended in 50 ml lysis buffer (50 mM Tris, pH 7.8, at room temperature; 100 mM KCl; and 200 µM cAMP) supplemented with PMSF (85 µg/ml), leupeptin/pepstatin (0.95/1.4 µg/ml), DNaseI (1 mg; Mil-liporeSigma), lysozyme (1 mg; MilliporeSigma), and cOmplete ULT RA mini protease inhibitor (Roche). Cells were lysed by sonication with a Sonic Dismembrator 500 (Thermo Fisher Scientific). Membrane proteins were extracted and solubilized with 30 mM n-dodecyl-β-d-maltopyranoside (DDM; Anatrace) for 1.5 h at 4°C. Cell debris was pelleted by centrifugation at 36,000 g for 45 min. The supernatant was filtered through a 0.22-µm filter and loaded onto a 5-ml HiTrap chelating HP Co 2+ column (GE Healthcare Life Sciences), preequilibrated with purification buffer (20 mM HEP ES, pH 7.8, 100 mM KCl, 200 µM cAMP, and 0.5 mM DDM). Proteins not specifically bound were removed by washing the column with 15-column volumes of purification buffer containing 30 mM imidazole before SthK was eluted with purification buffer containing 300 mM imidazole. The eluate was concentrated to 10 mg/ml with an Amicon ultra concentrator (MilliporeSigma) with a 100-kD cutoff before loading the sample on a Superdex 200 10/300 GL column (GE Healthcare Life Sciences) preequilibrated in purification buffer, unless otherwise noted. The peak fraction containing purified SthK was collected for further structural and functional studies. The final protein concentration was determined from the absorbance at 280 nm using a molar extinction coefficient of 55,900 M −1 cm −1 . The ratio A 260 /A 280 was used as a criterion to estimate the cAMP content in the sample.
Fluorescence binding assay
To measure the binding constants of cAMP and cGMP for SthK, the cAMP used during purification needed to be removed. Because the apo-SthK in detergent is prone to aggregation, we exchanged DDM for amphipol (A8-35; Anatrace) for equilibrium titrations. After concentrating the eluted protein from the immobilized metal ion affinity chromatography column, amphipol A8-35 hydrated in double-distilled H 2 O was added (1:3 wt/wt, protein/amphipol) and the protein-amphipol mixture was incubated at 4°C for 1 h under gentle agitation. Subsequently, the sample was applied to a detergent-removal column (Thermo Fisher Scientific) and further purified by size-exclusion chromatography (Superdex 200 10/300 GL) in 20 mM HEP ES and 100 mM KCl, pH 7.4 (without detergent and cAMP). The absorbance ratio A 260 /A 280 of the final sample was typically 0.52. For comparison, the same absorbance ratio for a cAMP-containing sample was 0.72.
Fluorescence titrations in equilibrium were performed in 20 mM HEP ES and 100 mM KCl, pH 7.4, at room temperature with a fluorescence spectrometer (Photon Technology International) and the fluorescent cAMP/cGMP analogues 8-NBD-cAMP/cGMP (fcAMP/fcGMP; Biolog). The fluorescence of 0.1 µM fcAMP/ fcGMP was measured at 536 nm after excitation at 463 nm (5 nm bandwidth each) upon titration with increasing concentrations of SthK in A8-35, with the concentration of fcAMP/fcGMP kept constant. According to a stoichiometric complex formation (Eq. 1 and 2) in equilibrium, in which each monomer of SthK can bind one molecule of ligand, and considering mass conservation, the fluorescence was correlated to the extent of the complex formation (Eq. 3), and the data were fitted according to (Wilkinson, 2004 ) to obtain the apparent K d value for the interaction between 8-NBD-cAMP/cGMP and SthK:
(2) For competition experiments, 0.3 µM fcAMP, mixed with 0.3 µM SthK in A8-35, was titrated with increasing amounts of nonfluorescent cAMP or cGMP, keeping the concentrations of fcAMP and SthK constant. Fluorescence was monitored at 536 nm after excitation at 463 nm (5-nm bandwidth each). Because the measured signal change in this case reflects the binding equilibria between the channel and two ligands (Eq. 5), the binding term is a more complex, cubic function (Wilkinson, 2004; Cukkemane et al., 2007;  for derivation, see Wang, 1995) . Data analysis was performed by solving the depressed cubic function for the real root (Eq. 6; Wang, 1995; Wilkinson, 2004; Cukkemane et al., 2007) , giving the apparent affinities for both the fluorescent and the nonfluorescent ligands. It is important to point out that, in the simplified model (Eq. 5), SthK describes a single subunit in the tetramer:
and (6) with Eq. 7:
F is the monitored fluorescence; F min and F max are the minimum and maximum fluorescence, respectively; [A t ], [B t ], and [P t ] are the total concentrations of the fluorescent ligand, the nonfluorescent ligand, and the receptor concentration in micromolars, respectively; and K a and K b are the binding constants in micromolars of the fluorescent and nonfluorescent ligands, respectively.
Channel reconstitution and rubidium flux assays
Immediately after gel filtration, SthK was reconstituted into liposomes (Heginbotham et al., 1998) . 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (POPG), and 18:1 cardiolipin in chloroform (Avanti Polar Lipids) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and POPG in chloroform were mixed at a ratio of 5:3:2 (wt/wt/wt) or 3:1 (wt/wt), respectively, and dried under nitrogen flow. Lipids were resolubilized with 34 mM CHA PS (3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate) in reconstitution buffer (10 mM HEP ES, 400 mM KCl, and 5 mM NMG [N-methylglucamine gluconate], pH 7.6) to a final lipid concentration of 10 mg/ml. After mixing with 30 µg SthK per milligram of solubilized lipids, detergent was removed by applying the sample (500 µl) to an 18-ml detergent-removal column (Sephadex G-50 fine beads, GE Healthcare Life Sciences). Proteoliposomes were aliquoted, flash frozen in liquid nitrogen, and stored at −80°C. Liposomes without SthK were prepared in parallel as a control for each flux experiment. The 86 Rb + flux assay was performed as described earlier (Nimigean, 2006) . In brief, the extra-liposomal solution was exchanged by passing 100 µl of liposomes through 1.5 ml G50 spin columns (Sigma) equilibrated with sorbitol buffer (10 mM HEP ES, 400 mM sorbitol, 4 mM NMG, pH 7.6, and 5 µM KCl) containing the same cAMP or cGMP concentrations as inside the liposomes. Radioactive uptake was initiated by adding sorbitol buffer containing 86 Rb + (1 µCi/ml) to the liposomes. 100-µl samples were taken at the desired time points and passed through 1.5ml Dowex cation exchange columns equilibrated with 400 mM sorbitol to remove the extraliposomal 86 Rb + . At the end of each experiment, 1 µg/ml valinomycin was added to the remaining liposomes to determine the maximum amount of 86 Rb + uptake, to which all measurements from an individual experiment were normalized. Scintillation fluid was added to each sample, and the radioactivity was measured with a liquid scintillation counter. All experiments were performed in triplicates.
Stopped-flow fluorescence flux assays
Kinetics of SthK response to cyclic nucleotides were monitored with a sequential-mixing, stopped-flow fluorescence-ensemble assay (Rusinova et al., 2014; Posson et al., 2018) based on the Tl + -induced quenching of a liposome-encapsulated fluorescent dye (8-aminonaphthalene-1,3,6-trisulfonic acid [ANTS], disodium salt; Life Technologies). For this assay, the gel filtration was performed in 10 mM HEP ES, 140 mM KNO 3 , and 0.5 mM DDM, pH 7.4. To reconstitute SthK into liposomes, DOPC, POPG, and cardiolipin (Avanti Polar Lipids), dissolved in chloroform, were mixed in a 5:3:2 (wt/wt/wt) ratio and dried under constant N 2 flow in disposable glass tubes to a thin layer. Lipids were further dried overnight under vacuum and then solubilized (10 mg/ml final concentration) in reconstitution buffer (15 mM HEP ES and 150 mM KNO 3 , pH 7.4) in the presence of 33 mM CHA PS. ANTS was added to a final concentration of 25 mM before adding SthK (30 µg/mg lipid). Detergent removal was performed by incubating the reconstitution mixture with 0.75 g BioBeads (Bio-Rad Laboratories) for 3 h under constant agitation. Subsequently, the solution was separated from the BioBeads, sonicated for 20 s, and extruded (Mini Extruder, 0.1-µm membrane; Avanti Polar Lipids). The liposome solution was run over a PD-10 desalting column (GE Healthcare Life Sciences), equilibrated in recording buffer (10 mM HEP ES and 140 mM KNO 3 , pH 7.4) to remove extravesicular ANTS. For the measurements, liposomes were diluted fivefold in recording buffer to ensure a good signal/noise ratio.
All measurements were performed with a SX20 sequential-mixing, stopped-flow spectrophotometer (Applied Photophysics) at 25°C. In the first mixing step, liposomes were diluted 1:1 with recording buffer containing ligands to activate SthK. After incubating the solution for the defined times (0.015-10 s), a second 1:1 mixing step was performed with quenching buffer (10 mM HEP ES, 90 mM KNO 3 , and 50 mM TlNO 3 , pH 7.4) containing ligand at the same concentration. Quenching of the ANTS fluorescence by Tl + was monitored above 450 nm after excitation at 360 nm. For each condition, at least eight repeats were performed. Reference measurements were performed with recording buffer instead of quenching buffer. All experiments were repeated at least three times with protein from different reconstitutions. Identical control measurements were performed with protein-free liposomes. The day-to-day performance, as seen in the rate constants, was within 20%.
To assess the time course of SthK activation by cAMP, a final concentration of 200 µM cAMP was used. Delay times after the first mixing step were varied between 15 ms and 10 s to cover a wide range of incubation times. To determine the apparent activation constant 50% effective concentration (EC 50 ) of cAMP for SthK, the concentrations of cAMP in the recording and quenching buffers varied between 0 and 400 µM. The delay time was kept constant at 2.5 s to ensure SthK was activated completely under each condition. The apparent 50% inhibition constant IC 50 of cGMP for SthK was determined by mixing apo-SthK with 200 µM cAMP and increasing concentrations of cGMP (0-1 mM) at the same time for 2.5 s before performing the second mixing step with quenching buffer and the final cAMP/cGMP concentrations. Because we performed the reconstitution in the absence of cAMP, the SthK channels with the CNBDs facing inside of the liposomes were closed and did not contribute to the quenching kinetics.
Stopped-flow data analysis
Fluorescence quenching data were analyzed as described (Ingólfsson and Andersen, 2010; Rusinova et al., 2014; Posson et al., 2018) . In brief, a stretched-exponential function (Eq. 8) was fitted to the first 100 ms of fluorescence decay (liposome size distribution and different numbers of channels per liposome do not allow for mono-or double-exponential fits):
where F t is the fluorescence at time t; F ∞ and F 0 are the final and initial fluorescence, respectively; τ is the time constant of the quenching reaction; and β is the stretched-exponential coefficient.
The rate of Tl + influx at 2 ms, referred to as the Tl + flux rate in the text, was calculated using Eq. 9 and the parameters from the stretched-exponential fits:
where k t is the rate at 2 ms in s −1 . This rate is dependent on many parameters, such as the number of channels per liposome, the liposomal size, the open probability of the channels, the conductance of the channels, and the rate of activation/inactivation.
To analyze the time course of SthK activation by cAMP, the averaged Tl + flux rates were plotted as functions of the delay time, and an exponential function was used to fit the data. The EC 50 value was estimated by plotting the averaged Tl + flux rates as a function of the cAMP concentration and fitting the data with a modified Hill equation (Eq. 10) to
where k max is the maximum rate at the saturating ligand concentration, [cAMP] is the concentration of cAMP in micromolars, EC 50 is the concentration at half the activation in micromolars, and n H is the Hill coefficient.
The IC 50 value for the inhibition of SthK by cGMP in the presence of 200 µM cAMP was calculated by assuming that cGMP was a competitive antagonist of cAMP, using Eq. 11:
where y max is the maximum SthK activity in the presence of only cAMP, [cGMP] is the respective concentration of cGMP in micromolars, IC 50 is the apparent inhibition constant in micromolars, and s is the slope factor.
The IC 50 values were used to calculate an apparent inhibition constant K i (Eq. 12; Cer et al., 2009 ) based on a model similar to the one described in Eq. 5:
where IC 50 is the inhibition constant obtained from Eq. 11, [cAMP] is the concentration of cAMP present during the inhibition experiment, and K d is the apparent dissociation constant for cAMP obtained from Eq. 6.
Electrophysiology
Single-channel recordings of SthK were performed as described previously (Thompson et al., 2008; Cheng et al., 2011) in a horizontal lipid-bilayer setup at room temperature where the cis (upper) and trans (lower) chambers were separated by a partition with a 100-µm-diameter hole (LeMasurier et al., 2001) . Bilayers are painted over the hole with a smooth capillary glass stick and 6.25 mg/ml of 1,2-diphytanoyl-snglycero-3-phosphocholine dissolved in n-decane. The prefrozen proteoliposomes were briefly sonicated (~2 s) before application to the cis side of the bilayer. The electrophysiology buffer contained 97 mM KCl, 3 mM KOH, and 10 mM HEP ES, pH 7. Ligand exchange was performed by perfusing electrophysiology buffer containing different concentrations of cAMP or cGMP into the trans chamber to measure various activity levels of SthK. cAMP-free solutions in the cis chamber ensured that we only recorded from channels with their CNBDs facing the trans chamber. Channel activity was monitored with an Axopatch 200A or B (Molecular Devices). Electrophysiology traces were filtered online at 1 kHz with an eight-pole, low-pass Bessel filter, digitized at 20 kHz (Digidata 1440A; Molecular Devices), recorded with Clampex (Molecular Devices), and analyzed with Clampfit (version 10; Molecular Devices). Amplitudes of long openings were measured manually, and the results were confirmed by all-amplitude histograms (Fig. S3 ). The concentration for half-maximal activation, EC 50 , for cAMP, was determined with Eq. 10, and the apparent inhibition constant for cGMP was determined with Eq. 11. The change in open probability with the voltage was fitted with a Boltzmann function (Eq. 13):
where F is the Faraday constant, z is the gating charge, V half is the voltage at half activation, R is the universal gas constant, T is the temperature, and Po max and Po min are the fitted maximum and minimum open probabilities, respectively.
Negative-stain EM imaging and analysis 3 µl of freshly prepared protein (10 µg/ml) was applied to a glow-discharged (15 mA, 1 min, easiGlow; PEL CO), homemade, carbon-coated copper grid (400 mesh; Electron Microscopy Sciences) and incubated for 60 s. The grid was washed four times with double-distilled H 2 O, and excess water was removed by blotting after each step. The grid was dipped into 1.5% uranyl acetate stain for 1 s, then blotted and stained again for an additional 20 s. Excessive stain was removed by blotting, and the grid was air dried for 5 min. This protocol was adapted from Ohi et al. (2004) . The prepared grids were imaged in an FEI Tecnai T12 electron microscope operated at 120 kV acceleration voltage, equipped with a Tietz F416 camera (2,048 × 2,048 pixels). Micrographs were obtained at a magnification of 49,000 with Leginon (Suloway et al., 2005) , resulting in a pixel size of 3.44 Å/pixel. Particles were selected with DoG Picker , included in the Appion (Lander et al., 2009; Voss et al., 2010) processing package. Extracted particle images were subjected to iterative rounds of 2-D classification with REL ION 2.1 (Scheres, 2012; Kimanius et al., 2016) .
Online supplemental material Fig. S1 provides a sequence alignment of SthK with CNG and HCN channels showing the homology to its eukaryotic counterparts. Fig. S2 shows the incorporation efficiency of SthK into liposomes of different lipid compositions, as assessed by SDS-PAGE, and corroborates the differences in activity presented in Fig. 2 (A  and B) . In Fig. S3 , all-amplitude histograms from single-channel bilayer recordings are presented, corresponding to Fig. 2 D.  Fig. S4 provides additional single-channel traces and fluorescence-quenching kinetics. Fig. S4 A shows the differential activation of SthK by cAMP and cGMP, corresponding to Fig. 4 . The quenching kinetics in Fig. S4 B demonstrate that no Tl + influx was observed in the empty liposomes and in the absence of cAMP, and it relates to Fig. 3 .
Results
Expression and purification of recombinant SthK
The full-length gene for SthK was cloned from the genome of S. thermophila into the pCGFP-BC vector, which enables expression of recombinant proteins as C-terminal GFP-His 8 fusion proteins in E. coli (Kawate and Gouaux, 2006) . A series of constructs with N-and C-terminal truncations was tested for optimal protein expression. SthK Δ421-430 led to the highest expression, as assessed by whole-cell fluorescence measurements. Small-scale expression and purification, followed by fluorescence-detection size-exclusion chromatography was used to screen various detergents for extraction of the channel from membranes (Kawate and Gouaux, 2006) . Using DDM for extraction and purification resulted in a homogenous protein peak during gel-filtration chromatography and a single band on SDS-PAGE. For further protein production, the gene for GFP and four of the eight histidines from the purification tag were deleted from the plasmid with no obvious, adverse effects on channel expression, purification, and stability (protein yield from 4-liter bacterial culture was ~7 mg SthK; Fig. 1 B) . All the results presented here used that final expression construct, and we refer to it as SthK for convenience.
Because SthK runs close to the monomer size during SDS-PAGE, we performed cross-linking experiments with glutaraldehyde, using the purified protein in DDM to analyze the oligomeric state of the protein. SthK is readily cross-linked by 0.12% glutaraldehyde (2-min incubation time at 37°C) and appears only as a tetramer on SDS-PAGE ( Fig. 1 B, lane 2) . Negative-stain, single-particle EM revealed uniformly distributed particles on the grid, with only minor aggregation (Fig. 1 C) , closely corresponding to the presumed size of a channel tetramer (75 × 100 Å, as measured from the structure of HCN1; Lee and MacKinnon, 2017) . 2-D class averages generated from single-particle processing and analysis closely resembled those of other cyclic nucleotide-modulated channel structures solved with cryo-EM (James et al., 2017; Li et al., 2017) , suggesting that SthK is a good candidate for high-resolution structural studies with single-particle cryo-EM (Fig. 1 D) .
Purified SthK activity in liposomal 86 Rb uptake assays To screen for function and favorable conditions for channel activity, we used a largely qualitative 86 Rb + flux assay (Nimigean, 2006) , in which SthK is reconstituted in liposomes loaded with a high concentration of KCl, and we evaluated the ability of the protein to pass K + across the membrane and take up trace amounts of externally added 86 Rb + . Initial experiments with SthK, reconstituted in a 3:1 mixture of POPE: POPG (Cheng et al., 2011) , led to little 86 Rb + uptake, indicating extremely low activity, even in the presence of 200 µM cAMP. However, reconstitution of SthK in liposomes containing lipids such as DOPC, POPG, and cardiolipin, which are more prevalent in spirochetes (Livermore and Johnson, 1974; Reddy et al., 2013) , yielded more robust cAMP-dependent activity (Fig. 2, A and B) . The various lipid compositions we tested in this work did not affect SthKincorporation efficiencies, as analyzed by SDS-PAGE (Fig. S2) , and, accordingly, the differences in 86 Rb + uptake in Fig. 2 B likely resulted from differences in protein activity. Unlike the studies for SthK expressed in oocytes (Brams et al., 2014) , cGMP also supports 86 Rb + uptake in SthK liposomes, suggesting that cGMP may also be able to activate SthK, although less efficiently than cAMP does (Fig. 2 A) .
Single-channel properties of purified SthK channels in lipid bilayers
Reconstitution of SthK in the same DOPC: POPG: cardiolipin lipid mixture that mediated robust 86 Rb + uptake allowed observation of single-channel activity in horizontal lipid bilayers ( Fig. 2 C  and Fig. S4 A) . The single-channel currents were asymmetric: the amplitude of the outward currents was lower, but their single-channel open probability was higher, and we observed robust channel openings. In contrast, the inward currents appeared flickery and were very brief (Fig. 2 C) . The orientation of the channel was determined by the current response to perfusions with either no cyclic nucleotides or saturating cAMP concentrations ([cAMP] ≥ 100 µM). The effect of cAMP was fully reversible.
The EC 50 of the channel response to cAMP was ~17 µM (at 100 mV; Fig. 2 E) , comparable to what was previously measured in oocytes (EC 50 ≈ 4 µM; Brams et al., 2014) . No channel activity was observed in the absence of cAMP, and the open probability increased to a maximum of only ~0.2-0.5 at saturating cAMP and at depolarized voltage (100 mV; Fig. 2, E and F) , suggesting that although cAMP is necessary and sufficient for channel activation, cAMP alone cannot fully open the channel. Patchclamp recordings of SthK expressed in X. laevis oocytes showed very similar single-channel characteristics (single-channel conductance and rectification) but revealed an open probability of Po ≈ 0.14 (at 100 mV), which is within the range of open probabilities that we observed. The small differences between this study and that of Brams et al. (2014) may arise from the different membrane compositions between the two setups, possible posttranslational modifications, and slightly different protein constructs.
The large difference in SthK activity between 100 and −100 mV seen in Fig. 2 C indicates that the activity of SthK is voltage dependent.
We measured the open probability as a function of the membrane potential (Fig. 2 F) and found that the Po increased with increased depolarization, with a voltage dependence of z = 0.8 and V half = 87 mV in saturating cAMP. The voltage dependence of SthK was more pronounced than that observed for CNG channels (z ≈ 0.2; Benndorf et al., 1999) but was smaller and of the opposite polarity from what was observed for HCN channels (z ≈ −6; Santoro et al., 1998) . Furthermore, in contrast to HCN channels, voltage alone was not able to open the channel in the absence of cAMP.
The study by Brams et al. (2014) reported a weak, outward rectification of the macroscopic current recorded from oocytes. That may appear to contrast with our analysis of the singlechannel current amplitudes, which clearly showed that SthK is a strongly inwardly rectified channel (I = 4.5 and 16 pA at 100 and −100 mV, respectively; Fig. 2 D) . However, an examination of the voltage-dependent, single-channel open probabilities (Fig. 2 F) revealed that at 100 mV, where the single-channel amplitude is small, the open probability was much higher than that at −100 mV, where the single-channel amplitude was larger (i.e., Po = 0.45 for 100 mV and Po = 0.06 at −100 mV). Because macroscopic current is a function of the product between open probability and single-channel current amplitude and the open probabilities at positive voltages are one order of magnitude larger than those at negative voltages (Fig. 2 F) , the main determinant of the size of the macroscopic current is the open probability. That yields a weakly outwardly rectifying macroscopic current and provides an explanation at the single-channel level for the data reported by Brams et al. (2014) . Indeed, it has been shown previously (Hite and MacKinnon, 2017) that as little as 8% of all usable particles is sufficient for detecting a different conformation in single-particle cryo-EM studies.
Activation kinetics of SthK
One major difference between eukaryotic HCN and CNG channels is that CNG channels activate much faster upon cyclic nucleotide application than HCN channels do (Nache et al., 2006; Kusch et al., 2010) . The mechanism responsible for that difference is not yet understood. We investigated the kinetics of SthK channel activation by examining nonequilibrium properties of SthK using a fluorescence-based, stopped-flow flux assay with millisecond time resolution (Rusinova et al., 2014; Posson et al., 2018) .
We determined the SthK activation time course by incubating the channel with saturating concentrations of cAMP (200 µM) for various amounts of time (0.015-10 s) and measured the activity. The rates extracted from fitting the quenching time courses (Fig. 3 A) increased biphasically over several seconds (τ 1 ≈ 0.05 and τ 2 ≈ 1.04 s in the presence of 200 µM cAMP; Fig. 3 D) . The maximum activation was reached after 2 s, and no inactivation was observed within the monitored time range (10 s). That is in agreement with single-channel recordings that allow for monitoring stable, single-channel activity, with no evidence of inactivation, from minutes to hours. A dose-response experiment in which the SthK activity was measured in different cAMP concentrations (after incubating for 2.5 s to ensure maximal activation; Fig. 3, B and E) yielded a lower apparent affinity for cAMP (EC 50 = 107 µM) than that found in bilayers (17 µM; Fig. 2 E) . It is possible that the lack of voltage across the liposomal membrane or the different experimental conditions between lipid-bilayer recordings and the liposomal flux assays (such as different permeant ions, different sensitivities in the readout, single-channel vs. ensemble measurements) contributed to the lower apparent affinity measured in the flux assays.
SthK activation by cGMP
The flux assays (Fig. 2, A and B) provided a first indication that cGMP also activates SthK, albeit to a much lesser extent than cAMP does. Application of solutions containing high concentrations of cGMP dramatically lowers the open probability of single-SthK channels previously activated by saturating cAMP concentrations, but it does not abolish the activity completely The activation time course is best fitted with a sum of two exponentials (line through symbols) with time constants of τ 1 ≈ 0.05 s (amplitude 0.45) and τ 2 ≈ 1.04 s (amplitude 0.55). (E) A fit with Eq. 10 yields an EC 50 of ∼100 μM (line through symbols) and a Hill coefficient of 2.2 ± 0.3. (F) The apparent inhibition constant was determined using Eq. 11 (line through symbols) and yields an IC 50 of 40 µM, from which the K i of 6 µM was calculated (Eq. 12; Table 1 ). (D-F) Rates were normalized to the maximum value, and symbols and error bars represent means ± SEM for three experiments.
( Fig. 4 A and Fig. S4 ). In the absence of cyclic nucleotides, no channel activity was observed ( Fig. S4 A) .
High concentrations of cGMP alone yielded a similarly low, but nonzero, open probability when applied in the presence of saturating cAMP ( Fig. 4 A) , suggesting that cGMP indeed binds to the channel, replacing cAMP in the ligand-binding pocket and also activates the channel, albeit very poorly. This observation is in agreement with our 86 Rb + uptake experiments (Fig. 2, A  and B) . Unfortunately, the extremely low activity does not allow for an accurate measurement of the open probability in cGMP or the determination of an EC 50 value. However, we were able to measure an inhibition dose-response by measuring the open probability of the channel upon addition of increasing concentrations of cGMP in the presence of saturating cAMP concentrations ( Fig. 4 B) . The cGMP concentration required to inhibit cAMP-induced SthK activity by 50% was 15 µM (in 100 µM cAMP; Fig. 4 B) , yielding an apparent inhibition constant of ∼4 µM at 100 mV (Eq. 12).
We also tested cGMP inhibition with the stopped-flow assay by exposing SthK channels to 200 µM cAMP and increasing concentrations of cGMP (Fig. 3, C and F; and Fig. S4 B) . Under these conditions, the IC 50 for cGMP is 40 µM, which leads to an apparent inhibition constant (Eq. 12) of 6 µM, comparable to the value that we obtained from bilayer experiments (K i ≈ 4 µM). The concentrations of cGMP required to inhibit SthK channels were lower than the concentrations of cAMP required to activate them, suggesting a higher affinity for cGMP binding compared with cAMP. At the same time, cGMP activates SthK much less efficiently than cAMP does. To further probe the mechanism behind the different cGMP and cAMP effects on SthK, we performed ligand-binding assays.
Purified SthK specifically binds cyclic nucleotides
We measured binding of 8-NBD-cAMP (fcAMP), a fluorescent analogue of cAMP, to SthK reconstituted in amphipols (A8-35) because apo-SthK in detergent is prone to aggregation. fcAMP has previously been used successfully to characterize other cAMP-binding proteins (Kraemer et al., 2001; Cukkemane et al., 2007; Altieri et al., 2008; Brelidze et al., 2009; Chen et al., 2013) . Upon titration of fcAMP with increasing concentrations of SthK, we observed an increase in the NBD fluorescence ( Fig. 5 A) , indicating binding of the ligand. The calculated K d value for fcAMP was 0.6 ± 0.1 µM (Table 1) . That value is ∼40 times higher than that reported for the isolated CNBD of MloK1, another prokaryotic cyclic nucleotide-modulated channel (K d ≈ 15.9 ± 2.7 nM for fcAMP; Cukkemane et al., 2007) but is closer to those measured for isolated CNBDs of eukaryotic channels (0.1-1.5 µM; Lolicato et al., 2011; Goldschen-Ohm et al., 2016;  and 5 µM for HCN4; Akimoto et al., 2014) . The K d for 8-NBD-cGMP (fcGMP), a fluorescent analogue of cGMP, was determined in a similar experiment to be 2.7 ± 0.5 µM, somewhat lower than the value obtained for fcAMP.
Specific binding of cAMP and cGMP was determined with fluorescence-based competition assays in which binding of fcAMP to SthK was measured in the presence of increasing concentrations of nonfluorescent cAMP or cGMP (Fig. 5 B) . Estimated K d values for cAMP and cGMP were in the range of 20-50 µM (Eq. 6), indicating that the two ligands may interact with SthK with lower affinity than the fluorescent ligands ( Table 1) . The increased affinity for the fluorescent ligands may originate from the NBD moiety, which has been described before to increase the affinity of cyclic nucleotides (Cukkemane et al., 2007) , probably by establishing additional interactions with the protein. Despite the many simplifying assumptions used to determine the apparent binding parameters from these assays (Eqs. 1, 2, 3, 4, 5, and 6), they nevertheless showed that cAMP and cGMP interact specifically and with similar affinities with SthK because both ligands are able to compete with fcAMP for the binding site in the CNBD over the same concentration range. Thus, it appears that the lower SthK opening probability in the presence of cGMP compared with cAMP cannot be explained by a lower binding affinity for cGMP. Rather, it appears that cGMP binding may not be able to support the conformational change to an open state as efficiently as cAMP can.
Discussion
In this work, we present the functional characterization of a purified CNG channel under defined conditions. We optimized the expression and purification of SthK, a channel that shares high sequence similarity with eukaryotic CNG as well as with HCN channels and that has been previously identified as a possible homologue for CNG channels (Brams et al., 2014; Kesters et al., 2015) . The SthK channel protein is stable in detergent, amphipol, and liposomes and is amenable to single-channel bilayer recordings, ligand-binding assays, a Tl + flux-stopped flow assay, and negative-stain EM, making it a great model system for investigating the molecular mechanism of CNG/HCN channel function and regulation.
Sequence alignments with CNG and HCN channels reveal that, overall, SthK shares more similarities with HCN channels, especially in the S4 voltage-sensor region and the CNBDs. On the other hand, there are regions, such as the pore helix and the C-linker, where more similarity is found with CNG channels (Fig. S1 ). Our first observations were that cAMP was necessary and sufficient to activate purified SthK channels, although only partially, even under saturating cAMP, and that depolarization increased the open probability. The direct activation of the channel upon cyclic nucleotide binding and the polarity of the voltage that increases the channel activity are features that are similar to eukaryotic CNG-type channels, rather than HCN channels (Benndorf et al., 1999) . However, the voltage-dependence of SthK is approximately fourfold larger than that of CNG channels, but it is still approximately eightfold less, and of opposite polarity, than the voltage dependence of HCN and sea urchin HCN channels (Gauss et al., 1998; Ludwig et al., 1998) .
Examination of the sequence reveals that SthK and CNG channels have a significantly shorter S4 than HCN channels. The high-resolution structure of HCN1 showed an unusually long S4 helix with 8-10 positively charged residues, and these features were used to interpret the strong dependence of the HCN channel activity on hyperpolarization (Lee and MacKinnon, 2017) . The SthK S4 has fewer charged residues than the CNG channels, but it shows a more pronounced voltage dependence, suggesting that the number of positively charged residues in S4 alone does not fully account for the voltage gating, as previously proposed (Tang and Papazian, 1997; Carvalho-de-Souza and Bezanilla, 2018) . A direct comparison of the structures of HCN1 and Tax-4 raises the possibility that the coordination of the charges, the shape of S4 (straight vs. bent helix, respectively), and the orientation of S4 relative to the pore may be more important for efficient voltage sensing.
In spite of the large, functional similarity with CNG channels, neither cAMP nor cGMP can fully activate SthK. cAMP alone can activate the channel but only to a small fraction (Po ≈ 0.1 at 0 mV), making it an inefficient partial agonist. Interestingly, although previously reported to be an antagonist, cGMP is also able to open the channel albeit to very low levels (Po < 0.003), making cGMP an extremely poor partial agonist. Such a differential effect of these two ligands has been observed previously, in particular for CNGA1, where cGMP is significantly more efficient in activating the channel compared with cAMP (Kaupp and Seifert, 2002; Craven and Zagotta, 2006) . It has been hypothesized that ligand selectivity can originate from different intrinsic ligand-binding affinities, different efficacies, or a combination of both (Kaupp and Seifert, 2002; Craven and Zagotta, 2006) . Our data indicate that the affinities for both ligands are very similar, in the range of ∼20-50 µM, as determined from a competition assay, suggesting that, in this case, the differences in efficacy between cGMP and cAMP do not arise from different intrinsic binding affinities to the ligand binding pocket of SthK.
It is important to point out that, in our binding assays, we actually determined the affinities of cAMP and cGMP for the closed state of SthK, because neither ligand efficiently promotes the conformational change to the open state (both cAMP-and cGMP-bound SthK display very low to negligible activity at 0 mV). Because the ligands bind to the CNBD in an apo conformation, we overlaid the only available structure of an apo CNBD (of HCN2, navy in Kesters et al., 2015) to investigate the differential interactions between the ligands and the binding site in those states. The apo, "resting" CNBD structure differs from the ligand-bound, "activated" CNBD structures mainly in the different orientation of the C helix, which interacts closely with the ligand in the bound structures and swings away from the ligand-binding pocket in the apo state (compare the navy with the orange and the cyan C helices in Fig. 5, C and D) . The main coordination of both cyclic nucleotides with the ligand-binding pocket of the apo CNBD (navy, Fig. 5, C and D) occurs via their identical ribose and phosphate groups, whereas no interaction was seen with the C helix, which may explain the similar binding affinities between cAMP and cGMP (Gordon and Zagotta, 1995; Varnum et al., 1995; Gordon et al., 1996; Zhou and Siegelbaum, 2007) . Thus, the much higher efficiency with which cAMP binding opens the SthK channel must lie in the set of favorable interactions cAMP makes with the binding pocket of the "activated" CNBD. These differences likely arise from differences in their purine bases. An example of such an interaction that cAMP may favor, whereas cGMP may not, is with E421, the last-resolved residue in the crystal structures (Fig. 5, C and D) . The positively charged amino group (the substituent at position 6) of cAMP is close to the carboxylate group of E421 (∼3 Å), whereas the carbonyl oxygen of the keto group (at position 6 of the purine ring) could be more repellent toward this residue (Zagotta et al., 2003; Clayton et al., 2004; Cukkemane et al., 2011; Saponaro et al., 2014) . The existing structures appear consistent with the functional data we observed, with the caveat that the C termini of the C helices are slightly different than in our construct ( Fig. S1 ) and are also not well defined in the crystal structures, indicating some flexibility in the region and some uncertainty about the specific residues that are responsible for the differential interactions between the two ligands. In addition, these structures are of isolated C-linker/ CNBDs, and one can only speculate about the effects on the pore. Thus, high-resolution structures of full-length SthK will be necessary to elucidate the diverging effects of cAMP and cGMP on channel gating. Our negative-stain EM analysis indicates that SthK is a promising candidate for high-resolution, single-particle cryo-EM structure determination. Together with our functional data, this will help to increase the understanding of CNG channel gating at the molecular level.
Measurements of the activation kinetics in SthK revealed two activation phases of ∼100 ms and ∼2 s. Biphasic activation has been seen before for CNG channels (Nache et al., 2006) and is believed to reflect the presence of multiple states in the channel-activation pathway. The fast component observed for SthK is within the range of activation times seen for CNG channels (milliseconds). In contrast, the slow-activation component observed for SthK is more reminiscent of HCN channels. For instance, HCN2, the pacemaker channel, responds to cAMP binding with time constants of seconds (Kusch et al., 2010) . Further experiments will be necessary to dissect the mechanism responsible for SthK activation to occur over such different time scales.
In summary, the results presented here show that SthK is a good model system for analyzing different aspects of CNG and HCN channel function in molecular detail. Similar to CNG channels, SthK requires binding of cyclic nucleotides to the CNBD to open and thus can be used as a model to understand gating of CNG channels. The modulation of SthK channel function by depolarization is more pronounced than in CNG channels, but this might turn out to be beneficial for understanding the effect of voltage on cAMP-mediated gating. Maximum activation of SthK by cAMP occurs within 1-2 s and, thus, is similar to the modulation of HCN2 by cAMP. Hence, the bacterial SthK channel combines interesting features of both eukaryotic CNG and HCN channels, and in light of emerging high-resolution structural data on these channels, our data will provide a good framework for interpreting conformational changes during gating.
Conclusion
In this work, we present a method for obtaining highly pure and homogenous recombinant SthK channel. Our expression and purification protocol yields several milligrams of pure channel, and we show that SthK is amenable to a variety of biophysical and functional assays. The purified channel is active, and its activity is dependent on the presence and type of cyclic nucleotide. Compared with other homologous bacterial channels, SthK is unique because it displays currents that can be analyzed at the single-channel level, shows differential regulation by cAMP and cGMP, and has cAMP/ cGMP activation/binding affinities similar to those reported for eukaryotic channels. Purified SthK specifically binds cAMP and cGMP with similar micromolar affinities, despite their very different efficiencies of opening the channel, allowing us to differentiate between two mechanisms of ligand discrimination. Collectively, SthK is a useful tool for performing more specific structural, biophysical, and biochemical studies to increase our understanding about ligand binding and activation in HCN and CNG channels.
